One-dimensional substance transport models assume that the river reach modelled has a uniform cross-sectional shape which manifests as a constant average velocity in the model equations. Rarely do rivers meet this criterion. Their channels are seldom uniform in shape but rather alternate in a quasi-periodic manner between pool and riffle sections. This bedform sequencing imparts a corresponding variation in the average cross-sectional velocity which is not accounted for in constant velocity transport models. The literature points out that the pool and riffle planform may be the reason for the sometimes poor predictions obtained from these models. This paper presents a new variable velocity transport model and confirms that the fluctuation in average cross-sectional velocity caused by the pool and riffle planform does have a marked effect on transport in rivers. The pool and riffle planform promotes an enhanced decay of a substance when a first-order biochemical reaction is simulated with the new transport equation. Investigation of the analytical solution shows that the enhanced decay is the result of the overall lower velocity experienced in a pool and riffle channel as opposed to a uniform channel. This difference in transport velocity between a pool and riffle channel and a uniform channel becomes more pronounced as flow declines a critical finding for total maximum daily load calculations because these regulatory limits are usually determined for low flow levels by models that do not account for this phenomenon.
INTRODUCTION
Current one-dimensional substance transport models employing the advection-reaction equation treat river channels as having a constant cross-sectional shape.
However, river channels are characterized by a quasirhythmic planform sequence of river bottom highs and lowsriffles and poolswhich result in zones of accelerating and decelerating flow. This sequence creates obvious physical and biogeochemical differences between riffles and pools that are not accounted for in current one-dimensional river transport models. Incorporating this non-uniformity within the modelling structure is critical to simulating accurately the transport of substances in rivers.
The classic equation that describes substance transport in rivers is the advection-reaction equation:
This equation suggests that the average cross-sectional concentration (c) at any time t, and place x, is a function of the average cross-sectional velocity u, and a first-order biochemical reaction, where k is the rate constant. In practice, the average velocity and reaction rate are averaged on a reach basis and assumed to be constant over the reach.
The steady-state solution to the differential equation for a constant release of a substance at x ¼ 0 is:
where c 0 is the initial concentration of the substance.
Natural channels never meet the required assumption of uniform cross-sectional shape, which manifests itself as a reached averaged constant cross-sectional velocity in the In a meandering river channel, pools are usually located at the apex of bends in association with point bars, which form on the inside of the bend (Figure 1 ). This generally lends an asymmetrical cross-sectional shape to pools. Riffles, on the other hand, form in the transition between meander bends and tend to be wider and shallower than their counterpart pools.
However, the three-dimensional morphology of pools and riffles varies, depending on local scour conditions, 
where u r is the maximum average cross-section velocity at the riffle and u p is the minimum average cross-section velocity at the pool ( Figure 2 ). The equation starts at the midpoint of the riffle (x ¼ 0), which at low flow levels is the point of maximum average cross-sectional velocity within the pool and riffle sequence. A more succinct form for the equation is shown below:
where a is the average of the cross-sectional velocity of the pool and riffle (the first term in Equation (3)) and b is one half the amplitude of the velocity variation of the pool and riffle sequence (the second term in Equation (3)).
The variation in average cross-sectional area of the channel as a function of downstream distance, x, can be stated in a similar fashion to Equation (3). Or, alternatively, the cross-sectional area at steady flow is related to the discharge, Q, by:
Equations (4) and (5) The mass-balance principle maintains that the change in the amount of mass in the control volume over the time interval must equal the amount of mass that flows into the unit minus the amount that flows out plus the net amount of mass produced within the unit. Translating this into a mathematical expression yields:
The product on the left-hand side (AΔxc) is the total amount of substance in the control volume. The two terms on the left then represent the net increase in substance contained in the volume from the start t, to the end, t þ Δt of the time interval. On the right-hand side of the equation, the first term represents the total net flow of substance into the unit while the second term represents the total net flow of substance out of the unit. The third term expresses the net rate, kc, of substance produced in the unit assuming a first-order reaction. Next, dividing both sides by ΔxΔt yields:
þ Akc (7) Taking the limit as Δx and Δt approach zero and realizing that Āapproaches A(x) gives: The steady-state solution to Equation (8) for a continuous and constant release of substance at x ¼ 0, where c 0 is the initial concentration of the substance, is:
where: Equations (9a) and (9b), it is obvious that the difference between the models lies in the exponential terms. For
Equation (2), the exponent is k/u, the decay coefficient divided by average cross-sectional velocity, whereas in Equation (9b) the exponent is a more complicated expression. Eliminating the decay parameter, which is common to both expressions, exposes the difference between the exponential terms. For the traditional Figure 4 | Solutions to the variable velocity model. approach, advection is described simply by average crosssectional velocity (Equation (10a)); for the VVM, advection is described by the term on the right-hand side (Equation (10b)).
Examining Equation (10b) reveals that it can be broken into two parts:
The first term (Equation (11a) On the inside of the tangent function in Equation (11a) is the term π/L. On the outside of the arctangent function is the inverse of this term, L/π. If b is zero, these terms cancel.
However, when b does not equal zero, the value of the imbedded term
modifies the value of the tangent function causing the oscillation of the decay curve.
A more intriguing role is played by the second term, Equation (11b). In the general case, where average crosssectional velocity is described by Equation (4), the average velocity experienced by a substance over a complete pool and riffle sequence is:
where u T is a new velocity quantity designated 'transport velocity'. Proof for this assertion is found by an examination of residence time. The residence time T over a pool and riffle sequence of length 2π is given by the definite integral:
where a þ b cos x is the average cross-sectional velocity at any point x along the sequence. Integrating this expression results in: Since the arctangent function only returns values between -π/2 and π/2 for any value of x, a suitable counter must be entered for values of x outside this range. Realizing this and evaluating the integrand between its bounds yields:
which can be simplified to:
Since the length of the pool and riffle sequence is 2π units, then the velocity of a substance transported through the pool and riffle is:
Further insight into substance transport through a pool and riffle sequence is given by an examination of the curves presented below. In Figure 5 Figure 7 depicts the velocity-discharge relationship for the pool and the lower sloped line represents that of the riffle. As flow declines in the reach, the relative difference between the pool and riffle velocities grows, which is reflected in the ratio 2b/a ( Table 1) . The ratio ranges from zero at bankfull flow level to greater than one at the 7Q10 level. Also, as flow stage declines the residence time in the pool relative to the time in the riffle, as shown by the ratio t p /t r , increases. Importantly, this ratio is 2.4 for the 7Q10 flow, indicating that the travel time in the pool is more than twice the time spent in the riffle at this flow level.
In Table 2 , the percentage differences in concentration between the predictions for the traditional model, which and riffle planform is not accounted for in predictions from these models. However, a simple substitution of transport velocity for average cross-sectional velocity would allow these models to account for the role of the pool and riffle on transport.
The general case
So far the transition in channel shape between the pool and riffle has been modelled with a periodic function.
But this is not the only type of function that could be used to model the transition. Two other functions that immediately spring to mind are the step function and the saw-tooth function. If the transition is modelled by one of these functions, the effect on travel time can be ascertained by rewriting Equation (14). Transforming Equation (14) for the general case:
Replacing the velocity function with its composite area function leads to:
The integral is simply the volume of the pool and riffle unit at a particular flow stage, V(q), and can be written as: Then the travel velocity of a substance through a pool and riffle sequence is:
Equation (21) 
CONCLUSION
This paper demonstrates that the pool and riffle morphology affects mass transport in a river. The prolonged residence time caused by the pool and riffle channel as opposed to a uniform channel results in a more severe decay of the substance transported, if a first-order reaction is assumed.
Using a periodic function that describes the variation in average cross-sectional velocity along a pool and riffle channel and incorporating this function into a mass balance analysis yields a new transport equation, the VVM, which has an analytical solution. Analysis of the solution leads to a new velocity expression, designated transport velocity, which describes the velocity of the mass transported through a complete pool and riffle sequence. Replacing average cross-sectional velocity with transport velocity in such models as QUAL2K and WASP will enable a more realistic prediction of advection and thus mass transport.
The analysis also points out that the pool and riffle planform exerts a greater influence on mass transport at low flow levels than it does at high flow levels. This finding is an important consideration for total maximum daily load calculations since these loads are calculated at low flow levels.
